Pipeline plays an important role in various systems of the ship. However, due to the harsh environment, leakage often occurs in ship pipeline. This paper proposes a method to identity and locate the pipeline leakage. Using the variational mode decomposition (VMD) algorithm, the vibration signal is decomposed into band-limited intrinsic mode functions (BIMFs). The effective BIMFs are then selected by the correlation coefficient. Center frequency and energy value of the effective BIMFs are extracted as feature vector. Radial Basis Function (RBF) neural network is then used as a tool to identify and locate the leakage. The proposed method is finally verified by experiments.
Introduction
Pipeline is used to transport liquid or gas and is an important part of various systems in the ship. Ship pipeline leakage occurs frequently due to the harsh working environment and insufficient maintenance. According to the statistical analysis from the former Soviet Union experts, the number of pipeline leakage is only less than the number of the main engine malfunction in the ship [1] . The pipeline leakage are becoming the second most challenging issue in the ship. Even in U.S. Navy, high failure rate caused by corrosion still exists in seawater pipelines and related machinery. Cabin water leakage, fuel leakage and other problems caused by pipeline leakage will expose the equipment and people in the ship to danger. However, there are few methods for pipeline leakage detection in ship. Therefore, it is of great significance to study the pipeline leakage detection technology.
When the pipeline leaks, the pressured flow will result in turbulence, cavitation and friction between the fluid and the pipe wall which will drive the pipeline vibration [2] . The vibration signal travels far and is easy to collect, so the leak detection based on the vibration signal has become an important method for pipeline leak detection.
A large number of studies have been conducted regarding the methods of detecting and locating pipeline leaks based on vibration signals. Wan et al, continuously monitored the leakage signal of the furnace pipe. They used self-adaptive filter to eliminate the noise, and then recognized the leakage by the spectrum analysis of the leakage signal [3] . Li Guanghai used the fast Fourier transform to separate the useful frequency bands of the leakage signal, and then identified leakage based on the power exponential relationship between the power spectral density and the frequency of the useful frequency bands [4] . Majid obtained pipeline leakage signals by experimental method, then extracted the characteristics of leakage signals through wavelet analysis, and used these characteristics to distinguish other signals such as leakage, background noise and pipeline natural vibration [5] . Gu Xiaohong divided the signal into different frequency bands with the method of wavelet packet decomposition. Then, they extracted the energy characteristics and selected the useful frequency bands for the cross-correlation analysis, which reduced the noise interference and improved the positioning accuracy [6] .
The proposed method
Leakage signal is a non-stationary random signal, which contains a large amount of information unrelated to the leakage, and must be analyzed to extract the leakage characteristics. Variational mode decomposition (VMD) was proposed by Dragomiretskiy et al. in 2013 [7] . As a kind of non-recursive and self-adaptive signal-processing algorithm, VMD can effectively decompose a multi-component signal into several bandwidth-limited intrinsic mode functions (BIMFs). It is a very efficient method for processing nonlinear and non-stationary signals.
The specific leak identification and detection process in this paper is shown in Fig. 1 . Due to the influence of environmental noise, direct VMD of the signal will lead to confusions or a large number of noise components in the analysis. Therefore, wavelet packet threshold noise reduction is conducted before signal decomposition in this paper to improve the signal-to-noise ratio. Among the various BIMFs, some are closely related to the leakage signal and are effective components, and the remaining components are not related to leakage or contain a lot of noise. In order to reasonably select the effective BIMFs, this paper introduces the concept of Pearson correlation coefficient. The correlation coefficient of two random discrete signals and is defined as [8]:
In the equation, is the number of discrete points of the signal, and are the mean values of two signal sequences respectively. The absolute value of is between 0 and 1. The closer to 1, the stronger the correlation between the two signals, and the closer to 0, the weaker the correlation between the two sets of signals. The correlation coefficient between all BIMFs and the original signal were calculated, and the components whose correlation coefficient was bigger than the set threshold (generally 0.1) [9] were selected as the effective BIMFs.
The research of Osama Hunaidi shows that the frequency distribution of the leakage signal is not random. The distribution falls in a certain frequency band [10] . Therefore, in this paper, the center frequency of the effective BIMFs are used as the feature vector to identify the leakage.
When the position of the leak point changes, the frequency distribution will not change; however, the energy value of each frequency band of the vibration signal will change, so the energy of the effective BIMFs is used as the feature vector to locate the leak point.
For the extracted feature vectors, this paper uses radial basis function (RBF) neural network as a tool to train and test the samples. This neural network was proposed by Moody et al. in 1989 [11] and it is a neural network with no forward feedback and local approximation. The mapping from input layer to output layer of RBF neural network is non-linear, while the mapping from hidden layer space to output space is linear, so the learning speed is fast and local minimum can be avoided [12] . Due to its strong generalization ability, it is very suitable for online monitoring.
Test verification
In order to verify the proposed method, a pipeline leakage test platform was built in the laboratory to simulate the ship pipeline. In order to simulate the noise on the ship, the pump is used to supply water to the test pipeline, and the influence of the noise of the pump is added to the collected signal. At the same time, in order to simulate the narrow environment on the ship, the test platform is placed in a small space. The pipeline system is shown in Fig. 2 . Section AB is the main test pipeline. Four (4) leakage holes with a diameter of 4 mm were drilled in the pipeline to simulate the leakage. The layout of the leakage points is shown in Fig. 3 . Under the same working condition, 10 sets of vibration signal data were collected for 5 different scenarios including no leakage and leakage occurred at each of the holes. The sampling frequency was 10000 Hz and the sampling time was 1s. Total 50 sets of data samples were collected for the training and verification of neural network. The method discussed above is used to analyze the data samples and to extract the feature vectors of effective BIMFs. The center frequency distribution of no leakage signal is shown in Fig. 4 . The center frequency distribution of leakage signal is shown in Fig. 5 . Figs. 4 and 5 shows that when the pipeline leaks, the center frequency of the effective BIMFs of the vibration signal will mainly distribute in 25-50 Hz, 500-750 Hz, 850-1100 Hz and 1200-1400 Hz. While the center frequency of BIMF components of the non-leakage pipeline vibration signal are lower than that of the leakage signal. The center frequency eigenvectors of 40 groups of samples are selected to train the neural network. The output layer of the neural network is 0 or 1, 0 means there is no leakage, and 1 means there is leakage in the pipeline. The remaining 10 groups of sample data are used for verification. The verification results are shown in the Table 1 . The energy rate of the effective BIMFs of the vibration signal of the leakage pipeline is shown in the Fig. 6 . Fig. 6 shows that the energy distribution is different at different leak locations. The energy rate eigenvectors of 32 leakage signal samples are selected to train the neural network. The output of the network are (0, 0), (0, 1), (1, 0) and (1, 1), respectively indicating points 1, 2, 3 and point 4 leakage occurs. The remaining 8 sets of samples are used in the trained neural network to locate the leak point. The results are shown in the Table 2 . Table 1 and Table 2 indicate that the results of the neural network output are not 0 or 1 as desired, but the actual outputs are close to the expected outputs. Except for the two results that unable to be located, all the others can be identified and positioned correctly. The feasibility and high accuracy of the proposed method are verified. 
Conclusions
This paper proposes a signal time-frequency analysis method, a combination of VMD and RBF neural network, to identify and locate leakage in ship pipelines. The center frequency and energy of effective BIMFs are used to identify and locate leakage. The experiment results proved that the proposed method has a relatively high accuracy.
The pressure difference between the internal and external vessels of the ship is large, and the vibration signal is obvious due to the leakage. The method combines the wavelet packet threshold denoising and the VMD to have a strong noise reduction capability, so it has high application value on the ship. However, for small leaks, the vibration signal is not obvious. The next step is to study the feature extraction of weak signals in strong background noise.
